Chiasma formation in four different reciprocal translocations in the grasshopper Eyprepocnemis plorans (2nd =22 + X) is analysed using C-banding. A given chromosome involved in an interchange is sometimes identifiable in standard homozygotes so that changes in its formation of chiasmata may be estimated. The involvement of M9 chromosome in an interchange slightly reduces its mean chiasma frequency but interference is significatively reduced too. When interference relationships between arms are analysed in the interchanges, independence as well as interference may occur, the interference being positive between adjacent arms and negative between opposite arms. A parallel analysis at pachytene reveals synaptic failure affecting mainly small regions. These results are discussed under Sybenga's (1970) model for interference relationships within quadrivalents.
INTRODUCTION
The effect of reciprocal translocation heterozygosity on chiasma formation in rearranged chromosomes has been analysed in a number of cases both in plants and animals, but the great variety of results obtained has led to no clear idea about which are the meiotic processes affected by the rearrangement. Three aspects of chiasma formation have mainly received attention: the total frequency of chiasmata within the interchange complex, the position of these chiasmata, and the interference relationships that may be established between different regions of the quadrivalent. Considering the interchange as a whole, increases in chiasma frequency (Hewitt, 1967; Arana et a!., 1980; Parker et a!., 1982) , decreases (Rickards, 1964; Southern, 1967) and lack of effect (Bloom, 1974; Gosálvez eta!., 1982; DIez and Puertas, 1984) have been reported when the translocation mean chiasma frequency was compared to that of the corresponding two pairs of non-homologous chromosomes in standard homozygotes. On the other hand, when comparisons were carried out between specific segments, the results showed that the response of the different regions may not be * Laboratorio de Genética, Colegio Universitario San Pablo C.E.U. MonteprIncipe, Boadilla del Monte, Madrid, Spain. uniform (man: Holm and Rasmussen, 1978; mouse: de Boer and van Beek, 1982) as in the grasshopper interchange of Euchorthippus involving the L3 and M6 chromosomes described by Arana et a!. (1980) . In this interchange the L3 chromosome did not show any difference in chiasma frequency compared with standard homozygotes, whereas the M6 chromosome showed a significant increase, accompanied by reduction in interference between regions separated by the breakpoint, and an increase in the localisation of chiasmata in its most distal segment.
On the other hand, using genetical methods, a typical reduction in recombination frequency around the breakpoint has been demonstrated (Eicher and Green, 1972; Hawley, 1980; Burnham, 1981) , that may be accompanied by an increase somewhere else within the interchange. With respect to the interference relationships established between the different quadrivalent arms, in some cases a total independence has been found (Sybenga, 1975; Arana et a!., 1980) ; the breakpoint seems to act as a barrier to interference.
However, John and Hewitt (1963) by postulating that all arms of this interchange showed positive interference. Negative interference between specific regions of interchanges has been also reported (Sybenga, 1975; de Boer and van der Hoeven, 1977) and this has been subsequently tested in a number of different translocations in rye (Sybenga and Mastenbroek, 1980) and wheat (Fominaya and Jouve, 1986) . According to Sybenga's model (Sybenga, 1970; 1975) there should be negative interference between segments located in opposite arms of the pachytene cross and positive interference between adjacent ones. This pattern of interference is explained by anomalous pairing in the interchange complex.
However, it is important to notice that not all metaphase I meiotic configurations analyzed in the studies in cereals could be unambiguously identified, which makes it necessary to estimate interference by indirect methods. It is also possible that in cases where telocentric chormosomes are involved, interference relationships may be established in a different way because there are no non-translocated arms. To date, Sybenga's model has been never tested for telocentric chromosomes.
In the grasshopper interchanges studied here both the segment lengths and the C-banding patterns of chromosomes have allowed reliable identification of the four arms of each pachytene cross and thus accurate estimates of the actual frequency of chiasmata at diplotene in each arm. Thus when a chromosome can be identified in standard homozygotes and translocation heterozygotes it is possible to analyse the effect of the rearrangement on chiasma formation. In addition, the interference relationships can be estimated by applying simple statistical tests to the diplotene observations. Our results are interpreted under Sybenga's model for interference in quadrivalents and some possible causes to account for the variation found are proposed. MATERIAL 
AND METHODS
Four different reciprocal translocations of Eyprepocnemis plorans (2nd = 22+ X, 2n = 22+ XX) have been cytologically analysed by means of C-banding. All the chromosomes in this species are telocentric and show positive C-heterochromatin in the centromeric regions. The features of three of these interchanges (Al, E2411 and E1921) have been described in a previous paper (Arana et al., 1987) . Briefly, Al is a spontaneous translocation involving one of the longest pairs of the complement (L group) and the chromosome M9. Two more are X-ray induced: E241 1 involves a long (L group) and a medium (M group) chromosomes and in E1921 the longest chromosome (LI) and one medium pair carrying a thin pericentric C-band are involved. Of the latter, in addition to the original mutant, three males of its offspring, heterozygous for the same interchange (U3, U9 and Ull) were also analysed.
The fourth interchange E1911 is also X-ray induced. It involves two medium (M group) chromosomes, one of them bearing a pericentric C-band. Figs. l(a) -(e) show the pachytene configurations corresponding to the interchanges described above. In all interchanges regions I and III correspond to interstitial segments and II and IV to translocated ones. The C-banding pattern allowed the identification of the four arms of the pachytene crosses in all cases, and consequently the frequency of chiasmata at diplotene in each of the four regions could be scored unequivocally. and IV-interstitial and translocated segments respectively-were tested was a significant x2 value obtained. This result means that these two regions are not independent of each other with respect to chiasma formation. An excess of the classes in which one region is open and the other closed is observed (positive interference).
Interchange E1911. Interchange E1921. This interchange was analysed in four individuals: the original mutant-E1921-and three males of its offspring-U3, U9
and Ull. As shown in table 4, the mean chiasma frequency in region IV approaches 1 in all cases so that it was not included in the interference tests. It is noticeable that even though the length of both interstitial regions 1 and III is very similar, the latter consistently shows a higher frequency of chiasmata than the former. The x2 tests reveal a variety of results: from complete independence between each pair of regions in U9 to the existence of simultaneous positive and negative interference in U3. In two males, E1921 and Ull, only negative interference between interstitial regions is detected.
Summarising, when significant deviations from independence between regions in the formation of chiasmata are found, the trend is towards positive interference when the regions tested are adjacent in the pachytene cross whereas negative interference appears between opposite regions. This pattern of interference relationships within interchanges was first described by Sybenga (1970; 1975) in rye. The hypothesis proposed by this author is based on the existence of pairing difficulties around the breakpoint in the rearranged chromosomes in such a way that: "...pairing initiated at a number of points along the chromosome proceeds zipper-wise but may not be expected to reach the breakpoint simultaneously from all four directions. When in one segment pairing is complete up to the breakpoint, the adjacent segments may experience considerable torsion which prevents their effective pairing into the direction of the breakpoint. This, then, could be the cause of positive interference between adjacent segments. Since no rigid structure can now be formed around the breakpoint, the remaining segment (opposite that associated first) may have a somewhat better opportunity to associate towards the breakpoint.. ." (leading to negative interference). In order to test this hypothesis, a qualitative analysis at pachytene was carried out in the interchanges. Lack of pairing around the breakpoint was always observed but only the cells in which any region was totally unpaired were scored. As a result that only the short regions were taken into account since long regions never showed complete unpairing. In E1911 region I was never paired at pachytene but a detailed analysis could not be performed. In the remaining translocations unpaired regions were observed at variable
frequencies (table 5(a)-(c)).
It is important to notice that pachytene stage that allows in combination with C-banding a reliable identification of the different chromosomes may be too late to ascertain whether the lack of pairing is attributable to asynapsis or desynapsis. Nevertheless it should be an intrinsic characteristic of the interchange since the remaining bivalents of the complement appear normally paired ( fig. 3a, b) .
DISCUSSION

I. Changes in chiasma frequency and distribution in the chromosomes involved in the interchanges
In the E. plorans translocations studied here, only the M9 chromosome can be readily identified in both standard homozygotes and the Al heterozygote. In this case, the mean chiasma frequency is slightly reduced: from 1-00 in normal individuals to 0928 in the interchange (regions 1+ IV). This effect is remarkable since M9 bivalent is invariably Euchorthippus the mean chiasma frequency increased as well and the two regions lying on either side of the breakpoint proved to be independent of each other in the formation of chiasmata.
On the contrary, the M9 chromosome of Eyprepocnemis shows a slight but significant reduction in its mean chiasma frequency and the parallel reduction in interference does not make the two regions separated by the breakpoint totally independent (regions I and IV, table 1), since they still keep a certain level of positive interference between them. The fact that both chiasma frequency and interference are reduced in M9 chromosome when involved in Al interchange implies that the effect of rearrangement cannot be explained only through a modification of total chiasma frequency but also of chiasma distribution. A reduction in mean chiasma frequency was observed in the M chromosome carrying a pericentric C-band involved in the E1911 interchange.
Here the mean chiasma frequency is 085 whereas in standard homozygotes M group chromosomes form at least one and sometimes two chiasmata. In this translocation region I is always unpaired (see fig. 1(b) ) and region IV forms a maximum of one chiasma so the overall reduction of mean chiasma frequency is simply achieved by failure of chiasmata all along this chromosome. If pairing in E. plorans follows a pattern similar to that described for other grasshopper species such as Locusta (Moens, 1969; Counce and Meyer, 1973), starting at both the centromeric and non centromeric ends of the chromosomes, then the extremely proximal position of the breakpoint in in this arm, making it unable to pair and consequently to undergo crossing-over formation.
II. Chiasma interference within the interchanges
When analysing the interference relationships between the different translocation arms both results, independence or dependence (interference) were found and, in addition, deviations from independence could occur in two ways following the pattern proposed by Sybenga i.e., positive interference between adjacent regions and negative between opposite ones. These results are in contrast to those obtained in the L3-M6 interchange of Euchorthippus described previously (Arana et a!., 1980) . In this case, the breakpoint seemed to act as a barrier for interference, the different translocation arms being independent from one another. Under the assumption of Sybenga's model, a number of factors could account for such a behaviour; first of all failure of pairing around the breakpoint might be less severe in this translocation, secondly the chromosome arms may be long enough to show a compensatory effect of chiasma formation in normally paired regions far apart from the breakpoint similar to that described by Grell (1962) Sybenga (1975) for a translocation in Acrida lata (Sannomiya, 1968) . In both cases a short interstitial region never pairs so that it leaves the translocated segments free to move around until they have completed their pairing.
On another hand, Sybenga's model postulated the appearance of simultaneous positive and negative interference. However in the translocation heterozygotes studied here positive or negative interference can appear accompanied by independence in other interchange arms. This point is best illustrated in the E241 I translocation in which both translocated segments II and IV invariably form one chiasma each yet there is detectable negative interference between interstitial regions I and III (table 3) . This result is not a priori illogical since actual formation of chiasmata is not a direct reflection of pairing so translocated segments may indeed influence the interstitial ones at the time of synapsis without any effect on their own chiasma formation. Comparable observations were reported by Sybenga (1970) in rye interchanges in which negative interference between interstitial segments could appear in metaphase.I bivalent pairs formed by the translocation chromosomes although in this configuration type translocated segments had no chiasmata.
In addition, as no chiasma position measurements were carried out in our material, the existence of a compensatory effect for the pairing failure around the breakpoint in the most extreme regions of the quadrivalent arms cannot be discarded. The final result of such asynapsis could be a shift in chiasma position towards the end of the arms, the total number of chiasmata in the whole region remaining constant. This effect should only be accomplished within long segments; in the short segments pairing failure may affect the whole length and indeed, unpaired short regions have ing is complete the segment may not be long enough to show any compensatory effect. Our data fit this hypothesis well since interference between short regions is more easily detectable, appearing even where long quadrivalent arms are independent of the remaining regions. Again, the differences between individuals carrying the same translocation might be attributable either to variation in the degree to which the compensatory effect is achieved or to actual differences in pairing.
Ill. Concluding remarks Reciprocal translocation heterozygosity seems to affect the way in which the involved chromosomes pair, since synaptic failure is found and, in addition, it affects the shortest regions more drastically. Then, as far as pairing has a reflection in crossingover, the effect of the rearrangement on the chromosomes involved might be responsible for the changes in chiasma formation observed in them. On the other hand, the interference relationships found between the different arms of the interchange follow Sybenga's model, even though the chromosome shapes and pairing patterns in grasshoppers are different from those of rye. In the model pairing behaviour is held to account for the positive and negative interference relationships within quadrivalents; our data seem to fit this hypothesis well. Exceptions to the pattern may be explained by the existence of a compensatory effect for synaptic failure. Chiasma formation would only be accomplished in long segments and would mask the interference effect to a variable extent depending on the individual chiasma frequency. Nevertheless, actual differences in interchange pairing behaviour cannot be ruled out.
